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1.0  INTRODUCTION 

The  focus  of  public  concern  for  aquatic  environmental  quality,  and  of  corresponding 
environmental  regulatory  initiatives,  has  been  shifting  over  the  past  decade  from 
eutrophication  issues  towards  effects  of  persistent  toxic  substances  on  ecosystem  health 
(IJC,  1985, 1987).  The  Ontario  Ministry  of  the  Environment  (MOE)  In-place  PoUutants 
Program  was  initiated  in  1983  to  evaluate  the  significance  of  persistent  toxic  substances 
in  sediments  and  develop  management  strategies  for  ecosystem  protection  from 
sediment  contamination.  The  program  is  supported  in  part  by  Environment  Canada 
under  terms  of  the  Canada-Ontario  Agreement  (CO A)  on  Great  Lakes  Water  Quality. 

Field  studies  carried  out  from  1983-1987  (Lomas  and  Persaud,  1987;  Persaud  and 
Lomas,  1987;  Persaud  etal,  1987,  1989;  Jaagumagi  et  aL,  1989)  have  generated  a  large 
quantity  of  data  on  contaminant  concentrations  in  bulk  sediments,  various  sediment 
fractions  including  interstitial  water,  bottom  water,  benthic  biota,  and  bottom-feeding 
fish.  These  data  are  useful  in  addressing  the  movement  of  contaminants  from 
sediments  to  biota.  In  addition,  these  studies  have  generated  a  large  quantit}'  of 
benthic  enumeration  data  which  are  useful  in  determining  benthic  community  impacts 
and  in  selection  of  appropriate  indicator  species  for  biomonitoring  of  sediment 
contamination.  The  chemical  contaminants  which  have  been  determined  in  water, 
sediments  and  biota  include  PCBs,  organochlorine  pesticides,  polyaromatic 
hydrocarbons  (PAHs),  chlorinated  aromatics,  chlorophenols  and  heavy  metals  (Table 
1.1).  The  twenty  study  locations  and  the  number  of  sampling  sites  at  each  location  in 
each  year  are  hsted  in  Table  1.2. 

Beak  Consultants  Limited  (BEAK)  was  assigned  the  task  of  collating  these  data,  and 
evaluating  the  nature  of  relationships  (if  any)  between  contaminant  levels  found  in  the 
sediments,  and  contaminant  residues  in  benthic  biota  and  bottom-feeding  fish.  In 
addition,  recommendations  were  requested  by  the  MOE  on  data  manipulations  and 
design  of  future  monitoring  activities  to  permit  development  of  stronger  residue 
relationships. 
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TABLE  1.1: 


CONTAMINANTS  MEASURED  IN  IN-PLACE 
POLLUTANTS  PROGRAM ' 


PCB/  Aldrin,  A-BHC,  G-BHC,  A-chlordane,  G-chlordane,  dieldrin,  DMDT, 

Organochlorine  endosulfan-I,  endosulfan-II,  endrin,  endosulfan  sulphate,  heptachlor 

Pesticides:  epoxide,  heptachlor,  mirex,  oxychlordane,  o,p-DDT,  PCBs,  p,p-DDD, 

p,p-DDE,  p,p-DDT,  HCB,  OCS,  hexachloroethane,  HCBD 


PAHs: 


Phenanthrene,  anthracene,  fluoranthene,  fluorene,  pyrene, 
benzo(a)anthracene,  chrysene,  benzo(e)pyrene,  benzofluoranthene, 
perylene,  benzo(a)pyrene,  benzo(g,h,i)perylene,  dibenz(a,h)anthracene, 
ideno(l,2,3-cd)pyrene,  benzo(b)chrysene,  anthanthrene,  coronene, 
dimethylbenz(a)anthracene,  dioanthracene,  naphthalene,  acenaphthene, 
acenaphthylene 


Chlorinated  Trichlorobenzene-(  1,3,5),  (1,2,4),  (1,2,3) 

Aromatics:  Trichlorotoluene-(2,4,5),(2,3,6),  (2,6a) 

Tetrachlorobenzene-(l,2,3,5),  (1,2,4,5),  (1,2,3,4) 

Pentachlorobenzene 

Chlorophenols:  Trichlorophenols-(2,3,4),  (2,4,5),  (2,4,6) 

Tetrachlorophenols-(2,3,4,5),  (2,3,5,6) 
Pentachlorophenol 


Metals: 


Zn,  Cu,  Pb,  Fe,  Mn,  As,  Cr,  Hg,  Cd 


1983-85  analyses  primarily  for  metals  and  PCB/OCs; 
1986-87  analyses  include  all  contaminant  groups. 


Sediment  characterization  also  includes  total  organic  carbon  (TOG),  oil 
and  grease,  and  grain  size;  tissue  characterization  also  includes  lipid 
content. 


TABLE  1.2:        STUDY  LOCATIONS  AND  NUMBER  OF  AREAS  SAMPLED  IN 
IN-PLACE  POLLUTANTS  PROGRAM 


Location  1983'        1984'      1985A''    19856"       1986"        1987" 


Toronto  Harbour  and  Waterfront     42  20  27  12 

Hamilton  Harbour  10 

Frenchmans  Bay  5 

Oakville  Harbour  9 

St.  Catharines  6 

Penetang  Harbour  10 

Midland  Bay  10 

Bay  of  Quinte  10 

Wheatley  Harbour  3 

Detroit  River  8  10 

Niagara  River  8 

St.  Clair  River  8  8  10  9 

St.  Marys  River  8  5  10  7 

Kam  River  9 

St.  Lawrence  River: 

o     Kingston 

o    Maitland  4 

o     Cornwall  10 

Collingwood  Harbour  19 

Grand  River  &  Canagagigue  Creek  9 

Rice  Lake  and  Otonabee  River  14 


^      1983-84  data  only  include  bulk  sediment  chemistry,  metals  in  geochemical  fractions  and 
invertebrate  tissue  levels. 

^      1985-87  data  also  include  bottom  water  chemistry,  sculpin  tissue  levels  and  benthic 
enumeration. 

^      1985A  excludes  benthic  enumeration  data. 


2.0  STUDY  OBJECTIVES 

It  was  the  purpose  of  the  study  to  address  a  number  of  ancillary  questions  which  are 
related  to  the  central  issue  of  relationships  between  sediment  contaminants  and 
contaminant  residues  in  biota.    In  particular: 

o  do  the  data  need  to  be  transformed  to  allow  application  of  statistical 
evaluation  techniques? 

o     should  the  data  be  expressed  on  a  wet  weight  or  dry  weight  basis? 

o     should  the  benthic  data  be  gut-corrected  or  not? 

o     should  the  biota  residue  data  be  lipid-corrected  or  not? 

o  for  the  metals,  what  is  the  relationship  between  the  different  geochemical 
fractions  in  the  sediment  and  the  residue  levels  in  biota? 

o  what  role  do  total  organic  carbon,  oil  and  grease  or  other  sediment 
chemical  factors  play  in  modifying  contaminant  uptake  by  biota  from  the 
sediments? 

o  what  is  the  role  of  water  chemistry  and  physical  factors  in  modifying 
contaminant  uptake  from  the  sediments? 

o  what  is  the  relation  between  levels  of  contaminants  in  benthos  and  in 
bottom-feeding  fish?  and 

o  what  are  the  species-to-species  differences  and  similarities  in  contaminant 
residues  and  what  type  of  benthic  biota  is  the  best  indicator  of 
contaminant  levels  in  sediments. 
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BEAK  examined  each  of  these  questions,  with  respect  to  each  pertinent  chemical 
parameter,  by  direct  evaluation  of  relationships  in  the  In-place  Pollutants  database,  as 
well  as  by  examination  of  approaches  taken  by  other  investigators. 
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3.0  METHODOLOGY 

3.1  General  Approach 

The  primary  criterion  for  evaluation  of  each  of  the  procedural  questions  listed  in 
Section  2.0  was  the  abihty  of  the  procedure  to  elucidate  relationships  between  sediment 
and  biota  contaminant  levels.  As  part  of  this  primary  consideration,  considerations  of 
statistical  validity  and  bioaccumulation  theory  are  also  relevant.  In  other  words,  valid 
relationships  can  only  be  demonstrated  by  statistically  valid  methods,  and  relationships 
to  be  tested  must  be  consistent  with  current  evidence  of  bioaccumulation  mechanisms. 

The  bioaccumulation  literature  was  reviewed  to  establish  the  plausibility  of  relationships 
to  be  tested,  and  to  provide  a  defensible  rationale  for  each  model.  In  addition,  we 
considered  approaches  of  other  investigators  to  modelling  contaminant  bioavailability, 
correcting  residues  for  gut  contents,  and  use  of  wet  or  dry-weight  contaminant  data. 
The  key  technical  tasks  performed  following  the  literature  review  included: 

o     document  review  and  model  development; 

o     In-place  Pollutants  data  manipulation  and  QA  checks;  and 

o     statistical  model  evaluation. 

The  models  tested  involved  either  bulk  sediment  contaminant  concentrations,  or 
concentrations  of  metals  in  different  geochemical  sediment  fractions,  or  contaminant 
concentrations  in  bottom  waters,  as  predictors  of  tissue  residues.  Predictor  variables 
can  be  normalized  by  concentrations  of  sediment  constituents  that  adsorb  or  complex 
toxic  contaminants  (e.g.,  total  organic  carbon  (TOC),  iron  oxides,  manganese  oxides). 
Tissue  residues  can  be  normalized  by  tissue  lipid  content,  since  non-polar  organics  are 
held  primarily  in  the  lipid  pool.  Various  combinations  of  predictor  variables  and 
normalizing  factors  were  used  in  model  construction. 
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The  In-place  Pollutants  database  does  not  contain  an  exact  equivalent  of  iron  oxide  or 
manganese  oxide.  However,  roughly  equivalent  estimates  of  iron  and  manganese  oxide 
were  derived  from  the  iron  and  manganese  contents,  respectively,  of  the  reducible  (F2 
+  F4)  geochemical  fraction. 

These  estimates  were  variously  used  to  normalize  sediment  fraction  or  bulk  sediment 
predictors  in  evaluation  of  Tessier  et  ah  (1984),  Shea  (1988)  and  other  metal 
bioavailability  models.  Models  are  described  in  more  detail  with  the  results  in  Section 
4.0. 

The  In-place  Pollutants  Program  extracts  metals  bound  to  iron  and  manganese  oxides 
in  two  fractions,  an  easily  reducible  fraction  (F2)  and  a  moderately  reducible  fraction 
(F4).  Both  acid  extractions  capture  metals  from  iron  and  manganese  oxides,  although 
the  latter  extraction  is  considerably  more  rigorous  and  more  specific  to  iron-oxide 
bound  metals.  The  sum  of  iron  in  F2  +  F4  is  the  closest  approximation  to  total 
iron-oxide  possible  using  the  In-place  Pollutants  fractionation  scheme. 

3.2  Statistical  Methods 

Simple  residue  relationships  involving  single  predictor  variables  were  evaluated 
non-parametrically  by  calculation  of  Spearman  rank  correlation  coefficients.  However, 
more  complex  models  involving  multiple  predictors  were  evaluated  parametrically  by 
multiple  regression  analysis.  The  parametric  procedures  are  typically  more  powerful, 
but  are  based  on  assumptions  (e.g.,  normahty  of  residuals)  that  carmot  always  be 
achieved. 

The  single  most  important  factor  influencing  normality  in  the  In-place  Pollutants  data, 
particularly  for  organic  chemical  parameters,  is  the  prevalence  of  concentrations  in 
sediment,  water  or  biota  which  fall  below  the  Limit  of  Detection  (LOD).  It  is  now 
generally  recognized  that  the  best  method  of  reporting  data  above  an  instrument 
threshold  (W,  if  one  exists)  and  below  the  LOD  is  as  a  quantitative  concentration  with 
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a  T  flag  (EPA,  1980;  ASTM,  1985;  Hunt  and  Wilson,  1986;  Gilbert,  1987).  The  MOE 
is  now  implementing  such  a  reporting  system;  however,  older  data,  particularly  for 
organics,  have  been  reported  as  ND  at  concentrations  below  the  LOD.  Both  T  and  W 
data  were  included  in  the  statistical  analysis  at  their  face  values.  ND  data  were 
included  at  the  value  of  the  detection  limit. 

Trace  data  (T  flagged)  should  always  be  used  in  mean  or  variance  estimation  and  in 
estimation  of  correlation  or  regression  parameters.  Special  methods  of  mean  and 
variance  estimation  are  recommended  for  inclusion  of  censored  samples  (W  or  ND 
data)  in  statistical  summaries  (Cohen,  1961;  Helsel,  1986;  Gilbert,  1987).  However, 
methods  for  estimation  of  correlation  and  regression  statistics  with  censored  data  are 
not  available. 

Benthic  invertebrate  and  bottom-dwelling  fish  data  sets  were  treated  separately  in 
model  development  and  testing.  Differences  in  residue  relationships  among  taxa  within 
data  sets  were  explored  by  plotting  with  taxonomic  codes  as  plotting  symbols.  Similarly, 
differences  in  residue  relationships  among  age  classes  of  sculpin  species  were  explored 
by  plotting  with  age-class  codes  as  plotting  symbols.  In  addition,  the  dependence  of 
lipid  content  on  fish  age  class  was  evaluated  by  regression  analysis. 

Residue  and  lipid  data  were  expressed  on  a  wet  weight  basis,  and  sediment  data  on  a 
dry  weight  basis,  for  all  statistical  analysis  of  1983-87  data.  Wet/dry  weight  conversion 
factors  were  recorded  by  taxon  at  each  location  in  1987,  and  correlations  were 
compared  with  and  without  conversion  in  this  smaller  data  set. 

All  statistical  evaluations  were  performed  on  IBM  XT/ AT  computers  using  standard 
statistical  procedures  (Steel  and  Torrie,  1960;  Sokal  and  Rohlf,  1981)  as  implemented 
in  SPSS/PC  +  (Norusis,  1986)  and  SAS  (Saffer,  1987)  software  packages. 
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4.0  RESULTS  AND  DISCUSSION 

4.1  Review  of  Sediment  Geochemistry 

Availability  of  trace  metals  to  benthic  deposit-feeders  is  intimately  dependent  upon  the 
physical-chemical  forms  in  which  the  metals  are  present  in  the  sediments  (Luoma  and 
Jeime,  1976a,b;  Bryan  and  Hummerstone,  1977;  Bryan  and  Uysal,  1978;  Luoma  and 
Bryan,  1978,  Luoma,  1983;  Tessier  et  al,  1984).  The  accumulation  of  trace  metals  by 
benthic  organisms  is  only  poorly  predicted  from  total  concentrations  in  the  sediments 
(Bryan  and  Hummerstone,  1977;  Bryan  1985;  Neff  et  aL,  1978;  Marquenie  et  al,  1983). 
In  many  studies,  attempts  have  been  made  to  correlate  the  heavy  metal  contents  of 
deposit-feeding  macrofauna  with  particular  chemical  fractions  of  the  metal  in  the 
sediments.  These  chemical  fractions  represent  selective  or  sequential  extractions  of 
sediment-bound  metals  by  various  extraction  techniques  (Gibbs,  1973;  Guptu  and  Chen, 
1975;  Tessier  et  al,  1979,  Forstner  and  Wittman,  1983).  Some  of  these  are  listed  in 
Table  4.0.  Sequential  or  selective  extraction  procedures  have  also  been  applied  to 
sediments  in  studies  reported  by  Calmano  and  Forstner,  1983;  Forstner,  1982;  Reuther 
et  al-,  1981;  Rapin  et  al.,  1983;  Evans  et  al.,  1988;  and  Andrews,  1988,  1989. 

The  metal  extraction  procedure  adopted  by  the  In-Place  Pollutants  program  divides 
sediment  bound  metals  into  sbc  fractions  including  interstitial  (IW),  cation  exchangeable 
(Fl),  easily  reducible  (F2),  organic  or  sulphide  bound  (F3),  moderately  reducible  (F4) 
and  residual  (F5).  Cation  exchangeable  metals  are  weakly  (electrostatically)  adsorbed 
to  sediment  particles  (e.g.,  clays)  and  considered  in  equilibrium  with  the  interstitial 
phase.  These  metals  are  extracted  by  cation  exchange  with  NH,OAC.  The  easily 
reducible  fraction  represents  metals  attached  by  weak  chemical  bonds  to  solids  (e.g., 
carbonates).  These  can  be  released  under  anaerobic  conditions.  They  are  extracted 
under  mildly  reducing/acidic  conditions  with  hydroxylamine  hydrochloride.  The  organic 
fraction  represents  metals  associated  with  organic  complexes  after  oxidative  extraction 
with  HjOj.  The  process  also  removes  metals  associated  with  sulphides  (Tessier  et  al., 
1979)  which  can  be  released  under  oxidizing  conditions.    The  moderately  reducible 
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fraction  represents  metals  associated  with  iron  and  manganese  oxides  and  is  extracted 
under  strongly  reducing/acidic  conditions.  These  metals  are  released  under  anaerobic 
conditions  (Jackson  et  al,  1978).  The  residual  fraction  represents  metals  bound  within 
crystal  lattices  of  minerals  and  extracted  with  strongly  oxidizing  acids  (HN03  and 
HCIO4)  at  elevated  temperatures.  The  first  four  fractions  are  considered  to  be 
available  to  benthic  organisms  under  appropriate  aerobic  or  anaerobic  conditions. 

The  ultimate  goal  of  bioavailability  studies  involving  sequential  or  selective  extractions 
of  sediments  is  to  find  a  fraction  or  combination  of  fractions  to  serve  as  a  universal 
predictor  of  trace  metal  contents  in  benthic  invertebrates.  Thus,  Luoma  and  Bryan 
(1978)  related  the  lead  content  of  the  bivalve  Scrobicularia  in  a  British  estuary  to  the 
Pb/Fe  ratio  in  the  sediments  extracted  with  0.1  N  HCl.  This  weak  acidic  extract  was 
supposed  to  resemble  the  gut  environment.  Luoma  and  Jerme  (1976a,b)  labelled 
natural  and  artificial  sediments  with  heavy  metal  radioisotopes  and  found  good 
correlations  between  uptake  of  zinc-65  and  cadmium-109  in  the  deposit-feeder  Macoma 
balthica  with  readily-exchangeable  zinc-65  and  ethanol-extracted  cadmium-109 
respectively  in  the  sediments.  Uptake  from  organic  detritus  was  very  low.  Luoma  and 
Bryan  (1979)  related  the  zinc  content  of  the  bivalve  Scrobicularia  to  easily-exchangeable 
zinc  in  the  sediments.  In  the  same  study,  the  zinc  content  of  the  bivalve  Macoma 
balthica  from  San  Francisco  Bay  was  related  to  the  ratio  of  oxide-bound  iron  divided 
by  easily  exchangeable  manganese  and  organic  carbon  in  the  sediments.  Tessier  et  aL 
(1984)  related  the  copper  concentration  in  the  bivalve  EUiptio  (actually  a  filter  feeder) 
to  the  ratio  of  Cu  (exchangeable  +  carbonate-bound  +  Fe/Mn  oxide-bound)  to  iron 
oxide  in  freshwater  sediments.  A  more  complete  Hst  of  extractions  used  in  metal 
residue  prediction  is  presented  in  Table  4.0. 

In  many  of  the  studies  listed  above  and  in  Table  4.0,  significant  correlations  were 
frequently  complex  and  involved  multiple  fractions  and  ratios  of  fractions.  The 
relationships  were  often  improved  by  normalizing  metal  concentrations  in  the  fractions 
with  respect  to  iron  or  amorphous  iron  (Campbell  et  al,  1988;  Tessier  et  aL,  1982, 
1984;  Luoma  and  Bryan,  1978).  This  suggests  that  iron  controls  bioavailability  by  either 
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competing  directly  with  trace  metals  in  the  gut  for  binding  sites  or,  as  amorphous  iron 
oxides,  by  binding  with  metals  in  the  sediments  and  reducing  their  bioavailability. 

The  interstitial,  exchangeable  and  reducible  fractions  recur  as  potential  sources  of 
sediment-bound  metals,  whereas  organics  and  Fe-Mn  oxides  recur  as  scavengers  that 
release  under  certain  conditions  (Campbell  et  ah,  1988).  The  high  availability  of 
interstitial  metals  is  suggested  in  studies  by  Dean  (1974)  who  found  that  tubificids 
accumulated  zinc-65  directly  from  water  but  not  from  labelled  sediments,  and  Prosi 
(1981)  who  concluded  that  Tubifex  absorbed  interstitial  cadmium  rather  than 
particle-bound  cadmium  from  Rhine  River  sediments.  Andrews  (1988)  found  in 
laboratory  studies  that  tubificids  absorbed  three  orders  of  magnitude  more  zinc-65  from 
water  solutions  than  from  sediments  of  the  same  activity.  An  autoradiographic  study 
with  lead-210  also  suggested  that  soluble  lead  is  more  available  than  sediment-bound 
lead  (Andrews  1988;  1989).  Lead-210  from  both  sources  was  found  in  the  same  tissues 
of  the  worms,  indicating  that  the  metal  is  metabolized  similarly  regardless  of  the  source 
of  the  metal  or  mode  of  entry  into  the  organism. 

Recently,  the  use  of  sediment  chemical  fractions  to  predict  animal  burdens  of  metals 
has  come  under  more  critical  scrutiny.  Metal  partitioning,  especially  of  anoxic 
sediments  can  change  on  storage  or  introduction  of  oxygen  (Thomson  et  al,  1980; 
Campbell  and  Tessier,  1984;  Rapin  et  al,  1986).  Ideally,  anoxic  sediment  should  be 
extracted  immediately  under  nitrogen.  Only  freezing  or  a  very  short  period  of  wet 
storage  at  4  C  is  recommended  (Thomson  etaL,  1980).  Sediments  should  only  be  dried 
for  total  sediment  concentrations  of  non-volatile  metals.  Many  of  the  early  studies  did 
not  follow  these  precautions. 

In  addition,  tests  of  the  selective  extraction  procedure  itself  have  indicated  that 
redistribution  of  the  metals  between  the  phases  occurs  during  the  extraction  procedure. 
Kheborian  and  Bauer  (1987)  doped  specific  trace  metals  into  the  various  chemical 
phases  of  an  artificial  sediment  which  was  then  subjected  to  the  sequential  extraction 
procedure  of  Tessier  et  a].  (1979).  These  authors  found  that  the  trace  metals  were  not 
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recovered  in  the  appropriate  fractions.  Their  results  raise  serious  questions  regarding 
the  use  of  selective  extraction  procedures,  even  when  these  are  operationally  defined 
and  used  only  for  comparative  purposes. 

By  sampling  and  extracting  only  surface  sediments,  most  studies  have  also  neglected  the 
vertical  distribution  of  sediment  chemical  fractions  in  relation  to  animal  feeding 
behaviour.  Andrews  etaj.  (1985)  showed  that  the  easily  exchangeable  fraction  of  cobalt 
in  Ottawa  River  sediments  decreased  from  12%  of  the  total  cobalt  concentration  at  the 
surface  to  less  than  1%  at  3.5  cm  depth.  An  organism,  such  as  a  tubificid,  feeding  at 
2-3  cm  in  the  sediments  and  defecating  at  the  surface  would  be  exposed  to  far  less  of 
this  fraction  than  suggested  from  a  surface  sample.  Similar  gradients  in  the  chemical 
fractionation  of  zinc  were  observed  by  Andrews  (1988)  and  have  been  noted  by  other 
authors  (Reuther  et  al,  1981;  Calmano  and  Forstner,  1983;  Rapin  et  aL,  1983;  and 
Forstner,  1982). 

4.2  Metal  Residue  Relationships 

4.2.1         Bottom  Water  and  Bulk  Sediments 

Metal  residues  in  fish  (Table  4.1)  and  benthos  (Table  4.2)  are  poorly  correlated  with 
concentrations  in  bottom  water  and  bulk  sediment  prior  to  normalization. 
Normalization  of  the  wet-weight  residues  by  iron  oxide  estimates,  manganese  oxide 
estimates,  or  measured  TOC,  tends  to  improve  the  correlation,  particularly  for  fish. 
Sediments  normalized  by  TOC  provide  the  best  general  predictor  of  biotic  residues 
from  bulk  sediment/water  information,  both  for  fish  and  benthos.  Nevertheless,  the 
relationships  are  not  strong.  Zinc  is  the  most  predictable  metal,  both  for  fish  and 
benthos,  with  normalized  sediment  correlations  of  0.74  and  0.79,  respectively. 

The  estimates  of  iron  oxide  and  manganese  oxide  are  only  approximate.  Moreover, 
they  pertain  to  the  fine  (less  than  63  u)  sediment  fraction  since  only  the  fines  were 
subjected  to  geochemical  partitioning.  Direct  bulk  sediment  measurements  of  iron  and 
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manganese  oxides  might  provide  a  superior  normalizing  factor  for  bulk  sediments  as 
residue  predictors. 

4.2.2  Sediment  Fractions 

Metal  concentrations  in  individual  sediment  fractions  (Fl,  F2,  F3,  F4),  interstitial  water 
(IW),  and  combinations  of  these  fractions  were  evaluated  for  relationships  with  metal 
residues  in  biota.    Combinations  considered  included: 

o     sum  of  IW  plus  Fl  through  F4,  and 
o     sum  of  Fl  plus  F2  plus  F4. 

Each  potential  residue  predictor  was  evaluated  with  and  without  normalization  by  the 
iron  oxide  estimate,  manganese  oxide  estimate  and  measured  TOC.  Only  the  F4 
fraction  was  better  related  than  bulk  sediment  to  metal  residues  in  biota  (Table  4.3). 
The  best  correlations  were  for  fish,  and  the  iron  oxide  estimate  was  generally  the  best 
normalizing  factor  for  F4  as  a  residue  predictor. 

Figure  4.1  illustrates  some  of  the  best  fish  residue  -  F4  fraction  relationships  (Spearman 
correlations  from  0.73  to  0.86).  Relationships  for  these  metals  (copper,  arsenic, 
manganese,  iron,  zinc)  are  approximately  Hnear.  For  manganese,  there  is  some 
evidence  of  a  dichotomous  relationship,  with  rednose  dace  (species  5)  and  white  sucker 
(species  8)  following  a  steeper  residue  relationship  than  other  fish  species. 

4.2.3  Complex  Models 

Two  models  of  heavy  metal  bioavailability  from  the  literature  (Tessier  et  aL,  1984; 
Shea,  1988)  were  evaluated  by  regression  analysis.  The  Tessier  model  is  empirically 
derived  from  field  correlations.   It  was  approximated  by: 
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Q   = 


Fl  +  F2  +  F4 
FeOx 


where:     Fl,  F2  and  F4  =  metal  concentrations  in  sediment  fraction, 

FeOx  =  iron  concentration  in  fractions  F2  +  F4, 

Q  =  metal  residue  in  biota, 

k  =  slope,  and 

a  =  an  intercept. 

Tessier  et  al.  (1979)  assimied  an  intercept  of  zero;  however,  we  permitted  an  intercept 
as  a  model  calibration  factor  and  tested  whether  it  was  significantly  non-zero. 

In  the  original  Tessier  model  (Tessier  etaL,  1984),  the  numerator  consisted  of  the  sum 
of  the  easily  exchangeable,  carbonite-bound  and  Fe/Mn  oxide  bound  metal  fractions. 
This  quantity  was  approximated  in  our  regression  by  the  sum  Fl  +  F2  +  F4.  This 
approximation  is  probably  quite  accurate  since  carbonate-bound  metals  in  the  original 
model  are  extracted  under  the  acidic  conditions  of  extraction  F2  (pH  =  2.0).  The 
denominator  in  the  Tessier  model  is  the  total  amount  of  iron  oxide  in  the  sediments. 
In  our  regression,  this  was  approximated  by  the  F2  +  F4  sum,  since  both  fractions 
contain  the  iron  oxide  bound  metals. 

The  Shea  (1988)  model  is  essentially  equivalent  to  that  of  DiToro  et  al  (1987).  Both 
models  are  derived  from  equilibrium-partitioning  principles,  and  assume  that  available 
metals  are  regulated  by  three  independent  absorption  equilibrium  vAth  manganese 
oxides,  iron  oxides  and  organic  carbon.  The  models  are  identical  except  that  Shea's 
model  refers  to  a  reactive,  metal  absorbing  organic  fraction  of  the  sediments  while 
DiToro's  model  incorporates  the  total  organic  carbon  as  the  metal  absorbing  fraction. 
The  Shea  and  DiToro  models  were  tested  as  a  multiple  and  regression  equation  of  the 
following  form: 
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Q   =  Q 

a  +  k,MnOx  +  kjFeOx  +  l^TOC 


where:     Q  =  metal  concentration  in  bulk  sediment, 

MnOx  =  manganese  concentration  in  fractions  F2  +  F4, 

FeOx  =  iron  concentration  in  fractions  F2  +  F4, 

TOC  =  total  organic  carbon  in  bulk  sediment, 

k,,k2,k3  =  regression  coefficients,  and 

a  =  an  intercept. 

Again,  as  with  the  Tessier  model,  concentrations  of  the  adsorbing  phases  were 
approximated  by  the  most  appropriate  In-place  Pollutant  fractions.  Ideally,  the  three 
terms  in  the  denominator  should  be  expressed  as  concentrations  on  a  bulk  sediment 
basis.  However,  we  were  unable  to  estimate  bulk  oxide  concentrations  from  the 
In-place  Pollutants  data.  Shea  (1988)  assumed  an  intercept  of  zero;  however,  we 
permitted  an  intercept  as  a  model  calibration  factor  and  tested  whether  it  was 
significantly  non-zero. 

Table  4.4  shows  the  model  coefficients,  and  overall  model  correlation  with  metal 
residues  in  fish.  Table  4.5  provides  similar  data  for  model  prediction  of  metal  residues 
in  benthos.  The  Shea  model  successfully  predicted  residues  of  copper,  arsenic, 
cadmium,  lead  and  zinc  in  fish;  and  chromium,  arsenic,  iron,  cadmium  and  lead  in 
benthos.  The  Tessier  model  successfully  predicted  residues  of  chromium,  manganese 
and  nickel,  in  fish  only.  However,  model  performance  in  general  was  inferior  to  that 
of  the  simple  FeOx-normalized  F4  fraction  (Table  4.3).  An  example  of  the  Shea  model 
prediction  for  copper  residues  in  fish  is  provided  in  Figure  4.2. 

It  is  possible  to  theoretically  derive  Shea  model  coefficients  from  adsorption-desorption 
data,  although  these  data  are  scarce  in  the  literature.   The  coefficients  are  related  to 
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the  slope  of  the  adsorption  isotherms  for  each  metal  on  each  of  the  three  adsorbing 
phases.  The  approach  assumes  that  the  adsorbing  phases  in  the  adsorption  experiments 
are  identical  to  those  in  natural  sediments.  Careful  attention  must  also  be  paid  to 
consistency  of  the  units  involved. 

Coefficients  derived  in  this  manner  for  copper  and  cadmium,  along  with  the  data 
sources,  are  listed  below: 


Metal 


K  (L/g) 


Source 


Copper       7,339 

205 

336 

Oakley  etaL  (1981) 

Cadmium      15 

4.4 

0.2 

Oakley  etal.  (1981) 

Cadmium    1,500 

130 

17 

Davis-Colley  et  al.  (1984) 

The  cadmium  models  did  not  achieve  significant  prediction  of  cadmium  residues  in 
either  fish  or  benthos.  The  copper  model  was  significant  for  fish,  but  inferior  to  the 
model  that  was  statistically  derived  from  In-place  Pollutants  data  (Figure  4.2). 
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Gut  Correction 


Studies  on  aquatic  consumers  indicate  that  gut  contents  contribute  significantly  to  the 
body  burden  of  metals.  Elwood  et  al  (1976)  found  a  mean  difference  of  57  jh  8%  in 
a  whole  range  of  metal  concentrations  in  Tipula  sp.  before  and  after  gut  evacuation. 
Andrews  (1988),  in  a  study  of  zinc  bioavailability  to  tubificids,  found  that  isolating  the 
worms  in  groups  of  three  or  fewer  and  removing  the  feces  permitted  effective 
evacuation  of  the  gut  by  eliminating  coprophagy.  This  process,  however,  is 
time-consuming  and  may  not  be  feasible  in  a  major  benthic  survey. 

Using  the  technique  of  Bindra  and  Hall  (1977),  Chapman  (1985)  estimated  the 
sediment  metal  contents  in  the  guts  of  tubificids  to  vary  from  16.4%  of  the  total  body 
content  for  zinc  to  39.7%  for  nickel.  Larger  percentages  were  determined  in 
ammocoete  and  chironomid  larvae  (see  also  Chapman  et  al,  1980).    Gut  sediment 
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metal  contents  were  calculated  by  collecting  the  undigested  residue  from  a 
peroxide/nitric  acid  digest  of  the  organism  and  assuming  this  residue  to  represent 
sediments  in  the  gut  of  known  metal  concentration.  Chapman  concludes  that  metal 
analyses  of  whole  benthic  animals  must  include  a  gut  sediment  correction.  In  a  similar 
correction,  the  ash  content  of  the  organism  is  assumed  to  represent  the  sediment 
content  in  the  gut,  and  the  body  burden  is  corrected  accordingly  (Persaud  et  al,  1987). 


A  gut  correction  based  on  ash  content  may  not  be  relevant  with  organic  contaminants 
or  in  fish.  Using  the  ashing  technique,  Oliver  (1987)  found  that  sediments  in  the  guts 
of  tubificid  worms  comprised  a  negligible  amount  of  the  total  organic  contaminant 
concentration.  These  contaminants  included  37  hydrocarbons,  including  PCBs.  High 
ash  contents  in  the  skeleton  of  fish  may  result  in  an  overestimate  of  the  sediment 
content  of  the  gut. 

With  In-place  Pollutants  data,  we  performed  an  ash-correction  of  metal  residues  in 
benthos  for  the  purpose  of  comparing  tissue/sediment  correlations  obtained  with  and 
without  correction.    The  correction  formula  was  as  follows  (Persaud  et  aL,  1987): 


1-kas 


where:     Q.  =  corrected  metal  residue, 

Q  =  uncorrected  metal  residue, 

Q  =  metal  concentration  in  dry  sediment,  and 

I^sh  =  mass  fraction  of  organism  that  is  ash. 

Corrections  obtained  with  ash-corrected  data  are  summarized  in  Table  4.6.  These  may 
be  compared  with  correlations  based  on  uncorrected  benthic  residue  data  in  Table  4.2 
(bottom  water)  and  Table  4.3  (F4  sediment  fraction).  Very  slight  improvement  is 
evident  for  copper  and  cadmium  benthos/sediment  correlations,  while  correlations  are 
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slightly  reduced  for  arsenic,  nickel  and  lead.  In  general,  correlations  are  poor  and  there 
is  little,  if  any,  advantage  gained  by  ash-correction. 

4.2.5         Dry  Weight  Residues 

Although  of  considerable  importance,  the  question  of  expressing  tissue  concentrations 
on  a  wet  weight  or  dry  weight  basis  is  rarely  addressed.  Determination  of  wet  weight 
concentrations  in  individual  samples  requires  the  removal  of  external  water  (usually 
with  absorbant  paper)  and  immediate  weighing  before  the  loss  of  internal  water 
(Regvoi  and  Yalynskaya,  1960).  This  point  is  difficult  to  gauge  accurately,  and 
considerable  variability  in  the  measurements  can  arise  even  with  standardization  of  the 
process  (Winberg,  1971).  An  error  in  the  weight  measurement  will  result  in  a 
proportional  error  in  the  final  concentration  of  a  contaminant  in  an  organism. 
Predictive  correlations  can,  therefore,  be  obscured. 

Trace  metal  concentrations  are  most  often  expressed  on  a  dry-weight  basis,  preferably 
drying  prior  to  analysis,  or  sometimes  measuring  moisture  content  on  each  sample  to 
adjust  the  wet  weight  determination.  A  cursory  examination  of  ten  papers  reporting 
metal  contents  in  invertebrates  indicates  that  concentrations  in  all  of  them  were 
expressed  by  dry-weight  (Bryan  and  Hummerstone,  1977,  1978;  Bryan  and  Uysal,  1978; 
Bryan,  1979;  Chapman  etal,  1980;  Crecelius  et  ah,  1980;  Krantzberg  and  Stokes,  1985; 
Luoma  et  al..  1985;  Marquenie,  1985).  In  contrast,  organic  contaminants  and  volatile 
metals  are  often  measured  and  expressed  on  a  wet-weight  basis  because  of  potential 
losses  of  these  contaminants  during  the  drying  process  (e.g.,  Bryan,  1979;  Oliver,  1987). 
Since  most  other  studies  in  the  Hterature  (at  least  on  metals)  use  dry  weight  units,  it 
may  be  advantageous  to  express  metal  concentrations  on  a  dry  weight  basis  for 
purposes  of  comparison  only. 

Both  metal  and  organic  contaminants  in  the  benthic  fauna  in  the  In-place  Pollutants 
database  have  been  determined  on  wet-weight  samples,  and  are  then  corrected  to  dry 
weight  with  a  taxon-specific  conversion  factor  (Persaud  et  al,  1987).  The  application 
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of  a  common  correction  factor  to  all  the  measurements  of  body  burden  offers  no  direct 
advantage  in  the  search  for  predictive  relationships  within  the  benthic  database. 
However,  if  different  correction  factors  are  used  for  different  taxa  in  a  mixed-species 
database,  the  correction  will  eliminate  error  associated  with  taxonomic  variation  in 
moisture  content,  and  could  make  general  tissue-sediment  relationships  easier  to  detect. 
Thus,  the  potential  usefulness  of  moisture  correction  by  taxon  depends  on  the 
taxonomic  mix  of  the  data  set  to  be  evaluated  for  residue  relationships. 

The  benthic  data  set  consists  primarily  of  oligochaetes,  while  the  fish  data  set  consists 
primarily  of  sculpins.  With  so  little  taxonomic  variation  in  the  data,  it  is  unlikely  that 
application  of  taxon-specific  dry/wet  weight  conversion  factors  would  appreciably  alter 
the  residue  relationships  obtained.  Moreover,  since  taxonomic  differences  in  residue 
relationships  are  usually  not  evident  within  the  benthic  or  fish  data  sets  (Section  4.2.6), 
there  is  little  room  for  improvement  by  application  of  taxon-specific  dry/wet 
conversions. 

The  dry /wet  weight  ratios  for  various  taxa,  based  on  1986-87  surveys,  and  on  other 
published  literature,  are  summarized  below: 


Taxon 


Average    Standard 

Ratio        Deviation  Source 


Oligochaeta  (lumbriculid)  0.20 

Chironomidae  0.11 

Amphipoda  (Gammarus)  0.15 

Odonata  0.16 

Ephemeroptera  (Hexagenia')  0.16 

Decapoda  (shrimp)  0.16 

Tricoptera  0.15 

Sculpins  0.27 

Amphipoda  (HyaUda)  0.23 


0.02 

Survey  data 

; 1986-87) 

0.03 

Survey  data 

: 1986-87) 

0.02 

Survey  data 

;i986-87) 

- 

Survey  data 

: 1986-87) 

0.04 

Survey  data 

:i986-87) 

- 

Survey  data 

: 1986-87) 

- 

Survey  data 

; 1986-87) 

0.04 

Survey  data  ( 

: 1986-87) 

- 

Borgmann  et 

al  (1989) 
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Oligochaeta 
Sculpins 


0.15 
0.24 


Kasprzak  (1984) 

Bormaan  and  Whittle  (1983) 


Ratios  vary  by  as  much  as  .03  to  .08  between  sources,  for  a  given  taxon,  and  similar 
variation  between  collections  of  a  single  taxon  is  likely  in  the  In-place  Pollutants  data. 


Parallel  wet  and  dry  analytical  determinations,  or  moisture  determinations  on  individual 
samples,  would  ideally  be  used  to  compare  the  utility  of  wet-weight  vs.  dry-weight  data 
in  elucidation  of  residue  relationships.  It  could  probably  be  shown  that  such  dry  weight 
data  are  less  variable  (even  within  taxa)  and  better  related  to  sediment  characteristics. 
However,  data  are  not  available  to  permit  this  evaluation. 

4.2.6  Taxonomic  Effects 

The  taxonomic  dominance  of  the  In-place  Pollutants  data  by  oligochaetes  and  sculpins 
is  illustrated  by  the  following  taxonomic  breakdown  of  the  number  (N)  of  paired 
(tissue-water,  tissue-sediment)  observations  on  copper: 


Taxon 


Oligochaeta  (lumbriculid) 
Chironomidae 
Amphipoda  (Gammarus) 
Neuroptera  (Sialis) 
Ephemeroptera  (Hexagenia)    4 
TOTAL  BENTHOS 


N 

Approx. 

N 

Approx. 

Species 

Tissue- 

%of 

Tissue- 

%of 

Code 

Water 

Total 

Sediment 

Total 

2,3 

42 

54 

119 

74 

1 

20 

25 

24 

15 

5,7 

12 

15 

12 

8 

6 

1 

1 

1 

1 

i)    4 

A. 

J_ 

J_ 

J^ 

79 

100 

160 

100 

2556.1 


4.12 


N 

Approx. 

N 

Approx, 

Species 

Tissue- 

%of 

Tissue- 

%of 

Taxon 

Code 

Water 

Total 

Sediment 

Total 

Cottus  bairdi  (scu 

Ipin) 

1 

62 

61 

60 

58 

Cottuscognatus  (sculpin') 

2 

9 

8 

10 

9 

C.b.-C.c.  rhvbrid) 

3,4 

5 

5 

7 

6 

Cottus  sp. 

0 

5 

5 

5 

5 

Rednose  Dace 

5 

4 

4 

4 

4 

Longnose  Dace 

6 

4 

4 

4 

4 

Dace 

- 

4 

4 

4 

4 

Emerald  Shiner 

7 

4 

4 

4 

4 

White  Suclcer 

8 

5 

5 

5 

5 

Trout  Perch 

9 

_Q. 

_Q. 

J^ 

_x 

TOTAL  FISH 

102 

100 

104 

100 

Copper  is  the  largest  of  the  heavy  metal  data  sets,  and  this  distribution  is  representative 
of  most  other  contaminants. 

Examination  of  Figures  4.1  and  4.2  does  not  suggest  any  major  taxonomic  differences 
in  metal  residue  relationships,  within  the  benthos  or  fish  data  sets.  There  is 
considerable  residual  variation  in  all  the  relationships  detected;  however,  this  is  not 
obviously  attributable  to  species  pooling.  Sample  sizes  of  taxa  other  than  oligochaetes 
and  sculpins  are  small,  and  therefore  would  permit  very  little  resolution  in 
characterization  of  other  species-specific  residue  relationships. 

There  are  minor  differences  between  fish  and  benthos  in  the  strength  and  type  of  metal 
residue  relationships  detected.  However,  in  both  groups,  the  residues  tend  to  be  better 
related  to  the  sediments  than  to  the  bottom-water,  and  better  related  to  the  F4 
sediment  fraction  than  to  the  bulk  sediment.  The  fish  relationships  tend  to  be  stronger 
and  detectable  for  more  metal  parameters. 
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4.2.7         Fish  Age  Effects 

Only  sculpins  varied  sufficiently  in  age  to  permit  evaluation  of  age  effects.  Age  effects 
on  metal  residues  were  statistically  examined  for  Cottus  bairdi  the  dominant  sculpin  in 
the  database.  Ages  ranged  from  two  to  seven  years,  as  illustrated  by  the  following  age 
breakdown  of  the  number  (N)  of  paired  (tissue-water,  tissue-sediment)  observations  on 
copper: 


Age  (years) 

2 

2-3 

3 

3-4 

4 

4-5 

5 

5-6 

6 

6-7 

TOTAL 


N  Approx.  N  Approx. 

Tissue-         %  of       Tissue-         %  of 
Water         Total      Sediment       Total 


6 

12 

7 

15 

2 

4 

2 

4 

9 

19 

8 

17 

5 

10 

5 

10 

12 

25 

11 

23 

2 

4 

3 

6 

8 

16 

7 

15 

3 

6 

3 

6 

1 

2 

1 

2 

J. 

-2. 

J^ 

Jl_ 

49 

100 

48 

100 

There  is  fairly  even  representation  of  different  ages  in  the  database.  Distributions 
associated  with  other  heavy  metal  contaminants  are  similar. 

Correlation  of  C  bairdi  metal  residues  with  age  did  not  indicate  a  significant  positive 
age  relationship  for  any  metal  except  nickel  (r  =  0.26).  Weak  negative  age 
relationships  were  observed  for  arsenic,  manganese,  aluminum,  lead  and  iron  (r  =  -.37, 


2556.1 


4.14 


-.40,  -.26,  -.31,  -.34).  Plots  of  residue  relationships  with  water  and  sediment  variables, 
using  age  as  a  plot  symbol,  did  not  suggest  any  partitioning  of  relationships  according 
to  age  class.    Examples  of  these  plots  are  illustrated  in  Figure  4.3. 

4.2.8         Food  Chain  Effects 

Cottus  bairdi  is  a  generalized  bottom  feeder,  known  to  consume  oligochaetes, 
amphipods  and  most  insect  larvae  or  nymphs.  Accordingly,  food  chain  effects  were 
examined  by  matching  C.  bairdi  residues  with  each  benthic  tissue  sample  from  the  same 
time  and  place.    No  metals  displayed  significant  positive  fish-benthos  correlations. 

4.3  Organic  Residue  Relationships 

4.3.1         Bottom  Water  and  Bulk  Sediments 

Sediment  chemical  factors  which  may  modify  contaminant  uptake  by  biota  include  TOC 
or  components  (POC,  DOC,  Hassett  and  Anderson,  1982;  McCarthy  and  Black,  1986; 
Piemontesi  and  Baccini,  1986;  Campbell  and  Evans,  1987;  Landrum  et  al.,  1987), 
solvent  extractables  (oil  and  grease),  pH  (Lewis  and  Mcintosh,  1986;  Rodgers,  1987) 
and  oxygen  regime  (Sakata,  1985).  It  is  generally  recognized  that  TOC  is  the  primary 
modifier  of  availability  of  non-polar  organic  contaminants  to  biota.  Partitioning  of  such 
organic  compounds  is  governed  by  chemical  competition  between  the  organic  carbon 
pool  in  the  sediment  and  the  lipid  pool  of  the  organism.  This  relationship  can  be 
expressed  mathematically  as  follows  (MacFarland,  1984;  Rubenstein  and  Lake,  1986): 


Q  =  B,,     Q 

17  Toq 
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where:     Q  =  concentration  in  whole  organism, 

L,  =  lipid  fraction  of  organism  (0  to  1), 

Bq^.  =  sedimentbioconcentrationfactor  (organic  carbon  normalized), 

Q  =  concentration  in  whole  sediment,  and 

TOQ  =  total  organic  carbon  fraction  of  sediment  (0  to  1). 

This  model  was  tested  in  a  preliminary  evaluation  In-place  Pollutants  data  for 
PCB/OCs  in  preparation  for  derivation  of  MOE  sediment  quality  guideUnes  (BEAK, 
1987a).  It  was  compared  to  more  complex  models  which  also  involved  solvent 
extractables  and  particle  size  (Nau-Ritter  and  Wuester,  1983).  The  complex  models 
were  not  significantly  superior  to  the  TOC  model,  suggesting  that  TOC  is  the  primary 
factor  regulating  availability  of  PCB/OCs  to  biota.  In  the  present  study,  the  concept 
of  lipid  and  TOC  normalization  was  re-evaluated,  particularly  with  respect  to  PAHs, 
chloroaromatics  and  chlorophenols,  which  were  not  previously  considered. 

A  large  body  of  research  on  sediment  normalization  theory  sponsored  by  the  U.S.  EPA 
has  confirmed  that  TOC  is  the  single  most  important  factor  governing  bioavailability 
of  non-polar  organic  contaminants  (e.g.,  Pavlou  and  Weston,  1983,  1984;  Bolton  etal, 
1985;  Kadeg  et  aL,  1986;  Shea,  1988).  Interim  sediment  quality  guidelines  developed 
for  such  compounds  by  the  EPA  Criteria  and  Standards  Branch  (Battelle,  1988)  were 
expressed  in  TOC-normaUzed  units  (i.e.,  ug/g  C).  Similarly,  draft  guidelines  developed 
by  BEAK  (1988)  for  the  MOE  were  expressed  in  this  manner.  On  the  other  hand, 
partitioning  theory  for  polar  organics  is  very  poorly  understood  and  carmot  yet  support 
a  normalization  model  (Shea,  1988). 

Chlorophenols  and  Chloroaromatics 

Residues  of  chlorophenols  and  chloroaromatics  in  fish  (Table  4.7)  and  benthos  (Table 
4.8)  were  not  strongly  correlated,  in  general,  with  concentrations  in  water  and  sediment. 
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Tetrachlorophenolic  residues  in  both  fish  and  benthos  were  correlated  with  water 
concentrations.  This  relationship  was  strongest  in  fish  (r  =  0.70  to  0.94),  and  also 
extended  to  some  trichlorophenols  (2,4,6)  in  fish.  Neither  lipid  normalization  of  tissue 
nor  TOC  normalization  of  water  were  generally  useful  in  residue  prediction. 

Benthic  residues  of  2,4,6-TCP  were  correlated  with  concentrations  in  sediment  (r  = 
0.74),  and  again,  normalization  did  not  improve  the  relationship.  Correlations  involving 
chloroaromatics  were  rare  and,  when  they  occurred,  always  weak. 

Figure  4.4  illustrates  the  tetrachlorophenoUc  residue  relationships,  plotted  by  age  for 
fish,  and  by  taxon  for  benthos.  All  the  fish  are  C,  bairdi.  There  is  httle  evidence  of 
taxonomic  variation  in  the  form  of  these  relationships  within  the  benthic  database; 
however,  the  greatest  residue  accumulations  in  contaminated  areas  occur  in 
oligochaetes  (species  2). 

PCB  and  Pesticides 

Residues  of  PCB  and  organochlorine  pesticides  in  fish  (Table  4.9)  and  benthos  (Table 
4.10)  were  very  poorly  correlated  with  concentrations  in  water  and  sediment.  Most  of 
these  compounds  were  rarely  detected  in  water,  and  many  were  never  detected.  Their 
hydrophobic  nature,  and  the  associated  difficulty  of  analytical  detection  in  water,  makes 
a  water-biota  relationship  unlikely.  However,  the  sediment-biota  relationships  were  not 
much  better.  The  highest  rank  correlations  involved  aldrin  in  benthos  and  water, 
without  normalization  (r  =  0.59),  and  DMDT  in  fish  and  sediment,  with  normalization 
(r  =  0.61). 

Polyaromatic  Hydrocarbons 

Polyaromatic  hydrocarbons  (PAHs)  are  strongly  hydrophobic  and  were  not  measured 
in  water.  Biota-sediment  rank  correlations  are  listed  in  Table  4.11  for  both  fish  and 
benthos.   Benthic  residues,  in  general,  were  better  correlated  than  fish  residues  with 
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PAH  concentrations  in  sediment.  Fluorene  and  anthracene  are  two  exceptions,  for 
which  fish  residue  relatioroships  were  superior.  Acenaphthene  residues  were  not 
correlated  with  sediment  concentrations  in  either  fish  or  benthos. 

Lipid  normalization  of  tissues,  or  TOC  normalization  of  sediments,  or  both,  generally 
improved  the  sediment-biota  relationship.  The  most  widely  appUcable  model  would 
involve  normalization  of  both  tissue  and  sediment,  as  suggested  previously  by 
Rubenstein  and  Lake  (1986). 

Figure  4.5  iUustrates  some  of  the  better  benthos-sediment  PAH  relationships  (r  =  0.67 
to  0.73),  all  based  on  normalization  of  both  tissue  and  sediment.  There  is  little 
evidence  of  taxonomic  differences  in  benthos-sediment  relationships  within  the  benthic 
data  set.  However,  the  amphipods  (Gammarus.  species  9)  typically  have  higher  PAH 
residues  (or  lower  lipid)  than  oligochaetes  (species  2),  and  also  reside  in  more 
contaminated  (or  lower  TOC)  sediments.  This  taxonomic  difference  contributes  to  the 
observed  residue  relationship.  Relationships  are  clearly  log  normal  for  some  PAHs 
such  as  acenaphthylene  which  vary  over  five  orders  of  magnitude  in  sediments. 

4.3.2         Gut  Correction 

Most  examples  of  gut  correction  in  the  Uterature  involve  metal  residues  (Section  4.2.4). 
Application  of  gut  correction  to  organic  residues  in  tubificid  oligochaetes  has  been 
shown  to  be  unnecessary  (Oliver,  1987).  Accordingly,  since  oligochaetes  dominate  the 
In-place  Pollutants  benthic  data,  gut  correction  was  not  attempted  for  organics  in 
benthos  during  the  present  study.  Gut  correction  based  on  ash  content  of  the  organism 
was  not  considered  appropriate  for  fish  because  of  the  high  ash  content  of  the  fish 
skeleton. 
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4.3.3         Dry  Weight  Residues 

The  use  of  taxon-specific  dry/wet  weight  conversion  factors  is  discussed  in  Section  4.2.5. 
While  there  may  be  an  advantage  in  drying  prior  to  analysis  for  metals,  and  expressing 
results  on  a  dry-weight  basis  for  purposes  of  comparability  to  other  data,  organic 
contaminants  are  usually  measured  in  fresh  samples  and  expressed  on  a  wet-weight 
basis  because  of  potential  contaminant  losses  during  drying  (Bryan,  1979;  Oliver,  1987). 
Moreover,  application  of  taxon-specific  conversion  factors  can  only  serve  to  eliminate 
variabihty  in  mixed-species  data  sets  due  to  moisture  differences  among  taxa.  Neither 
the  survey  data  nor  the  published  literature  support  consistent  taxonomic  differences 
in  moisture  and,  since  the  fish  and  benthic  data  sets  are  respectively  dominated  by 
sculpins  and  oligochaetes,  dry /wet  conversion  by  taxon  was  felt  to  be  uimecessary. 


4.3.4 


Taxonomic  Effects 


The  taxonomic  dominance  of  the  In-place  Pollutants  data  by  oHgochaetes  and  sculpins 
is  illustrated  by  the  following  taxonomic  breakdown  of  the  number  (N)  of  paired 
(tissue-water,  tissue-sediment)  observations  on  the  pesticide  benzene  hexachloride 
(BHC): 

N          Approx.  N  Approx. 

Species       Tissue-        %  of        Tissue-  %  of 

Taxon  Code         Water        Total       Sediment        Total 


Oligochaeta  (lumbriculid)  2,3 

Chironomidae  1 

Amphipoda  (Gammarus)  7,9 

Odonata  6 

Ephemeroptera  (Hexagenia)  4 

Hirudinea  5 

Tricoptera  8 
TOTAL  BENTHOS 


52 

50 

86 

61 

26 

25 

28 

20 

12 

11 

12 

9 

2 

2 

2 

1 

7 

7 

7 

5 

4 

4 

4 

3 

J. 

_L 

_L 

_L 

104 

100 

140 

100 
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Cottus  bairdi  (sculpi 

n) 

1 

60 

73 

74 

70 

Cottus  coenatus  (sculpin) 

2 

9 

11 

10 

9 

C.b.-C.c.  (hvbrid) 

3,4 

0 

0 

0 

0 

Cottus  sp. 

0 

1 

1 

3 

3 

Rednose  Dace 

5 

2 

3 

3 

3 

Longnose  Dace 

6 

1 

1 

4 

4 

Dace 

- 

1 

1 

1 

1 

Emerald  Shiner 

7 

1 

1 

1 

1 

White  Sucker 

8 

4 

5 

5 

5 

Trout  Perch 

9 

J_ 

J_ 

J_ 

J_ 

TOTAL  FISH 

82 

100 

105 

100 

BHC  is  one  of  the  largest  of  the  organic  data  sets,  and  this  distribution  is  representative 
of  most  other  contaminants. 

Examination  of  Figures  4.4  and  4.5  does  not  suggest  any  taxonomic  differences  in 
organic  residue  relationships  within  the  benthos  or  fish  data  sets.  The  amphipods  tend 
to  have  higher  PAH  residues,  and  to  reside  in  more  contaminated  (or  lower  TOC) 
sediments,  than  the  oligochaetes.  However,  this  is  not  inconsistent  with  a  common 
tissue  sediment  relationship.  There  is  considerable  residual  variation  in  all  the  organic 
relationships,  but  this  is  not  obviously  attributable  to  species  pooling.  Sample  sizes  of 
taxa  other  than  oligochaetes  and  sculpins  are  small,  and  therefore  would  permit  ver>' 
little  resolution  in  characterization  of  other  species-specific  relationships. 

There  are  differences  between  fish  and  benthos  in  the  strength  and  type  of  organic 
residue  relationships  detected.  In  both  groups,  the  tetrachlorophenohc  residues  w^ere 
primarily  related  to  concentrations  in  water,  without  normalization,  but  this  relationship 
was  stronger  in  fish.  Trichlorophenol  (2,4,6)  residue  was  primarily  related  to  water 
concentration  for  fish,  but  sediment  concentration  for  benthos.    The  polyaromatic 
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hydrocarbons  (PAHs)  were  correlated  with  sediments  for  both  fish  and  benthos,  but  the 
correlations  were  typically  better  for  benthos. 

4.3.5         Fish  Age  Effects 

Since  only  sculpins  exhibited  appreciable  age  variation,  and  Cottus  bairdi  was  the 
dominant  sculpin  in  the  database,  age  effects  on  organic  residues  were  statistically 
examined  in  this  species.  Ages  ranged  from  0  to  8  years,  as  illustrated  by  the  following 
age  breakdown  of  the  number  (N)  of  paired  (tissue-water,  tissue-sediment)  observations 
on  benzene  hexachloride  (BHC): 


N 

Approx. 

N 

Approx. 

Tissue- 

%  of 

Tissue- 

%of 

Age  Cvears) 

Water 

Total 

Sediment 

Total 

0 

3 

5 

3 

4 

1 

2 

3 

2 

3 

2 

7 

12 

7 

11 

2-3 

9 

15 

9 

13 

3 

5 

8 

7 

11 

3-4 

6 

10 

6 

9 

4 

11 

19 

13 

19 

4-5 

5 

8 

6 

9 

5 

5 

8 

7 

11 
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N 

Approx. 

N 

Approx. 

Tissue- 

%of 

Tissue- 

%of 

Age  fvears) 

Water 

Total 

Sediment 

Total 

5-6 

2 

3 

2 

3 

6 

1 

2 

1 

1 

6-7 

1 

2 

1 

1 

7 

2 

3 

3 

4 

8 

J. 

^ 

J^ 

J_ 

TOTAL 

60 

100 

68 

100 

There  is  a  fairly  even  representation  of  different  ages  in  the  database.  Distributions 
associated  with  other  organic  contaminants  were  similar. 

Correlations  of  organic  residues  with  age  did  not  indicate  a  strong  age  relationship  for 
most  organic  parameters.  Neither  was  percent  lipid  significantly  related  to  fish  age. 
Thus,  it  is  not  surprising  that  plots  of  residue  relationships  with  water  and  sediment 
variables,  using  age  as  a  plot  symbol,  did  not  suggest  any  partitioning  of  relationships 
according  to  age  class.   Examples  of  these  plots  are  illustrated  in  Figure  4.6. 

Significant  age  correlations  are  listed  in  Table  4.12.  These  are  consistently  positive 
(increasing  residue  with  age)  for  polyaromatic  hydrocarbons  (r  =  0.34  to  0.61),  and 
tetrachlorobenzenes  (r  =  0.29).  They  are  consistently  negative  (decreasing  residue  with 
age)  for  other  chlorinated  aromatics  and  pentachlorophenol.  Pesticides  exhibit  both 
weak  positive  and  weak  negative  age  relationships. 

4.3.6         Food  Chain  Effects 

Food  chain  effects  were  examined  for  Cottus  bairdi.  a  generalized  bottom  feeder  known 
to  consume  most  of  the  benthos  in  the  In-place  Pollutants  database.  In  general,  these 
fish-benthos  correlations  were  weak  or  absent.    The  strongest  correlations  were  for 
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mirex  (r  =  0.69),  tetrachlorobenzene  (r  =  0.70)  and  phenanthrene  (r  =  0.64). 
Detection  limits  for  fish  and  benthos,  if  they  vary  from  year  to  year,  may  be  expected 
to  co-vary,  and  this  may  account  for  some  of  the  apparent  food  chain  relationships. 
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TABLE  4.1:        SPEARMAN  CORRELATION  OF  METALS  IN  FISH  WITH  BOTTOM 
WATER  AND  BULK  SEDIMENT  CONCENTRATIONS 


Metal 


Water  Normalized  by: 
FeOx  MnOx  TOG 


Sediment  Normalized  by: 
FeOx  MnOx  TOC 


Copper 

Chromium 

Arsenic 

Manganese 

Aluminum 

Iron 

Cadmium 

Nickel 

Lead 

Zinc 

Mercury 


NV 
0.39 


NV 
0.26 


NV 
0.38 


0.18 


NV 


0.34 
0.24 


0.40 


0.40 


0.36 

0.33 

0.47 

0.31 

0.33 

0.33 

0.43 

0.59 

0.61 

- 

- 

0.49 

0.35 

0.53 

0.42 

- 

- 

0.21 

- 

- 

0.29 

0.24 

0.30 

0.37 

- 

- 

0.74 
0.48 

*         Indicates  no  normalization. 

Indicates  non-significant  (p  greater  than  0.05)  or  negative  coefficient. 
NV     Indicates  no  variance  (i.e.,  constant  contaminant  value). 


TABLE  4.2:        SPEARMAN  CORRELATION  OF  METALS  IN  BENTHOS  WITH 
BOTTOM  WATER  AND  BULK  SEDIMENT  CONCENTRATIONS 


Metal 


Water  Normalized  by: 
FeOx  MnOx  TOC 


Sediment  Normalized  by: 
FeOx  MnOx  TOC 


Copper 
Chromium 
Arsenic 
Manganese 

Aluminum 

Iron 

Cadmium 

Nickel 

Lead 

Zinc 

Mercury 


0.42      0.46      0.59      0.51 


0.24      0.47 


0.25 


0.20 


0.26 
0.43 


0.26 
0.24 


0.33 
0.21 

0.19 


0.58 
0.43 
0.52 
0.48 
0.27 
0.57 
0.29 
0.55 
0.35 
0.79 
0.65 


Indicates  no  normalization. 

Indicates  non-significant  (p  greater  than  0.05)  or  negative  coefficient. 


TABLE  4.3:        SPEARMAN  CORRELATION  OF  METALS  IN  FISH  AND  BENTHOS 
WITH  CONCENTRATION  IN  F4  SEDIMENT  FRACTION 


FISH 

BENTHOS 

Pediment  Normalized  bv: 

Sediment  Normali/ 
FeOx  MnOx 

^ed  bv: 

Metal 

» 

FeOx 

MnOx 

TOC 

TOC 

Copper 

0.71 

0.81 

0.79 

0.40 

0.27 

0.54 

0.29 

0.29 

Chromium 

0.45 

0.45 

0.28 

0.48 

0.47 

0.30 

- 

0.26 

Arsenic 

0.67 

0.73 

0.73 

0.53 

- 

0.41 

0.34 

- 

Manganese 

0.23 

0.75 

0.67 

- 

- 

0.29 

0.28 

- 

Aluminum 

- 

0.48 

0.39 

- 

0.23 

0.47 

0.44 

- 

Iron 

0.23 

0.79 

0.72 

- 

0.22 

0.87 

0.54 

0.20 

Cadmium 

0.61 

- 

- 

- 

- 

- 

- 

- 

Nickel 

- 

- 

- 

- 

- 

0.49 

0.43 

0.35 

Lead 

- 

- 

- 

- 

0.30 

0.49 

0.57 

0.38 

Zinc 

" 

0.86 

0.56 

0.30 

" 

0.40 

0.46 

0.26 

Indicates  no  normalization. 

Indicates  non-significant  (p  greater  than  0.05)  or  negative  coefficient. 


TABLE  4.4:        SHEA  AND  TESSIER  MODELS  AS  PREDICTORS  OF  HEAVY  METALS 
IN  FISH 


Metal 


Shea  Moder 


R 


Tessier  ModeF 
k  R 


Copper 

Chromium 

Arsenic 

Manganese 

Aluminum 

Iron 

Cadmium 

Nickel 

Lead 

Zinc 


M       -0.007   -0.0002  -0.0002     0.52 
82.8     -0.139     0.001    -0.0004     0.35 


-63        -0.08       0.01      0.002      0.37 

10         0.22      0.003     0.002      0.42 
14        -0.03     -0.002     0.002      0.57 


0.002      739       0.30 
1.4        38.9       0.36 


-0.62      1.127      0.30 


''  Shea  Model: 


Q   = 


Q 


a  +  Iq  MnOx  +  1^  FeOx  +  k,  TOC 


Tessier  Model:  Q    =  a  +  k    Fl  +  F2  +  F4 

FeOx 
Notes:        FeOx  =  Fe  in  (F2  +  F4);  MnOx  =  Mn  in  (F2  +  F4). 

All  concentration  units  are  ug/g. 

Underlined  model  coefficients  make  a  significant  (p  less  than  0.05)  contribution 

to  the  model. 

-  Indicates  no  significant  fit  of  model  (p  greater  than  0.05). 


TABLE  4.5:        SHEA  AND  TESSIER  MODELS  AS  PREDICTORS  OF  HEAVY  METALS 
IN  BENTHOS 


Metal 


Shea  Modef 


k,  k, 


R 


Tessier  ModeF 


k 


R 


Copper 

Chromium 

Arsenic 

Manganese 

Aluminum 

Iron 

Cadmium 

Nickel 

Lead 

Zinc 


4.53      -0.206     0.012    0.0007     0.46 
-3.85       0.02     -0.002    0.0007     0.59 


36.8      -0.12     0.008    0.0004     0.36 
17.8      0.014     -0.001    0.0001     0.30 

133       0.366      -0.03     0.0009     0.36 


^  Shea  Model: 


Q    = 


Q 


a  +  k,  MnOx  +  kg  FeOx  +  1^  TOC 


•  Tessier  Model:  Q    =  a  +  k    Fl  +  F2  +  F4 

FeOx 
Notes:        FeOx  =  Fe  in  (F2  +  F4);  MnOx  =  Mn  in  (F2  +  F4). 

All  concentration  units  are  ug/g. 

Underlined  model  coefficients  make  a  significant  (p  less  than  0.05)  contribution 

to  the  model. 

-  Indicates  no  significant  fit  of  model  (p  greater  than  0.05). 


TABLE  4.6:        SPEARMAN  CORRELATION  OF  ASH-CORRECTED  METALS  IN 

BENTHOS  WITH  CONCENTRATIONS  IN  BOTTOM  WATER  AND  F4 
SEDIMENT  FRACTIONS 


Metal 


Water  Normalized  by: 
FeOx  MnOx  TOC 


Sediment  Normalized  by: 
FeOx  MnOx  TOC 


Copper 
Chromium 

Arsenic 

Manganese 

Aluminum 

Iron 

Cadmium 

Nickel 

Lead 

Zinc 

Mercury 


0.34      0.52      0.58      0.46 


0.44      0.43      0.48      0.38 


0.31 


0.48      0.43 


0.33      0.30 


0.28 
0.28  0.24  0.28 
0.43  0.40  0.36 
0.28      0.33 


Indicates  no  normalization. 

Indicates  non-significant  (p  greater  than  0.05)  or  negative  coefficient. 


TABLE  4.7:        SPEARMAN  CORRELATION  OF  CHLOROPHENOLS  AND 

CHLOROAROMATICS  IN  FISH  WITH  BOTTOM  WATER  AND  BULK 
SEDIMENT  CONCENTRATIONS 


Organic  Compound 


Fish  vs.  Water 
Normalization 


Fish  vs.  Sediment 
Normalization 


Tissue  Water  Tissue    Sediment 

None      Lipid    TOC    Both    None    Lipid       TOC    Both 


2,4,5-Trichlorophenol 

2,4,6-Trichlorophenol 

2,3,4,5-Tetrachlorophenol 

2,3,5, 6-Tetrachlorophenol 

Pentachlorophenol 

1,2,4-Trichlorobenzene 

1,2,3-Trichlorobenzene 

Hexachlorobutadiene 

Octachlorost>'rene 


NV  0.39    -  0.42  NV  NV 

0.61    -  0.34  -  NV  NV 

0.70    -     -  -  NV  NV 

0.94    -  0.55  -  NV  NV 

NV  NV  NV  NV  NV  0.16 

NV  NV  NV  NV  - 

NV  NV  NV  NV  0.26  0.53 


NV 

NV 

NV 

NV 

NV 

NV 

NV 

NV 

0.47 


-  Indicates  non-significant  (p  greater  than  0.05)  or  negative  coefficient. 
NV  indicates  no  variance  (i.e.,  constant  contaminant  value). 


TABLE  4.8:        SPEARMAN  CORRELATION  OF  CHLOROPHENOLS  AND 

CHLOROAROMATICS  IN  BENTHOS  WITH  BOTTOM  WATER  AND 
BULK  SEDIMENT  CONCENTRATIONS 


Fish  vs.  Water 

Fish 

vs.  Sediment 

Norm; 

alization 

Normalization 

Tissue 

Water 

Tissue 

Sediment 

Organic  Compound 

None 

Lipid 

TOC 

Both 

None 

Lipid 

TOC     Both 

2,4,5-Trichlorophenol 

. 

. 

0.37 

0.37 

NV 

NV 

NV       NV 

2,4,6-Trichlorophenol 

- 

- 

- 

- 

0.74 

0.60 

0.43      0.41 

2,3,4,5-Tetrachlorophenol 

0.61 

0.51 

- 

- 

NV 

NV 

NV       NV 

2,3,5,6-Tetrachlorophenol 

0.57 

0.41 

- 

- 

NV 

NV 

NV       NV 

Pentachlorophenol 

- 

- 

- 

- 

- 

- 

- 

1 ,2,4-Trichlorobenzene 

NV 

NV 

NV 

NV 

NV 

0.25 

- 

1,2,3-Trichlorobenzene 

0.12 

0.17 

0.17 

0.39 

- 

- 

- 

Hexachlorobutadiene 

NV 

NV 

NV 

NV 

- 

- 

- 

Octachlorostyrene 

NV 

NV 

NV 

NV 

NV 

" 

" 

-  Indicates  non-significant  (p  greater  than  0.05)  or  negative  coefficient. 
NV  indicates  no  variance  (i.e.,  constant  contaminant  value). 


TABLE  4.9:        SPEARMAN  CORRELATION  OF  PCB  AND  PESTICIDES  IN  FISH  WITH 
BOTTOM  WATER  AND  BULK  SEDIMENT  CONCENTRATIONS 


Organic  Compound 


Fish  vs.  Water 
Normalization 


Fish  vs.  Sediment 
Normalization 


Tissue  Water  Tissue   Sediment 

None      Lipid    TOC    Both    None    Lipid       TOC     Both 


Hexachlorobenzene 

NV 

NV 

NV 

NV 

0.20 

0.20 

0.26 

Heptachlor  Epoxide 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

Mirex 

NV 

NV 

NV 

NV 

0.15 

NV 

- 

NV 

a-BHC 

- 

- 

- 

- 

NV 

NV 

NV 

NV 

g-BHC 

- 

- 

- 

- 

NV 

NV 

NV 

NV 

a-Chlordane 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

g-Chlordane 

- 

0.17 

- 

0.13 

- 

- 

- 

- 

PCB 

NV 

NV 

NV 

NV 

- 

0.21 

- 

- 

p,p-DDE 

NV 

NV 

NV 

NV 

- 

0.31 

0.31 

0.29 

p,p-DDD 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

p,p-DDT 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

o,p-DDT 

NV 

NV 

NV 

NV 

- 

0.19 

- 

- 

Endosulphan 

I 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

Endosulphan 

II 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

Dieldrin 

NV 

NV 

NV 

NV 

0.30 

NV 

0.28 

NV 

Endrin 

NV 

NV 

NV 

NV 

- 

0.19 

- 

- 

Endosulphan 

SO, 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

DMDT 

NV 

NV 

NV 

NV 

0.29 

0.62 

0.62 

0.61 

b-BHC 

- 

- 

- 

- 

- 

- 

- 

- 

-  Indicates  non-significant  (p  greater  than  0.05)  or  negative  coefficient. 
NV  indicates  no  variance  (i.e.,  constant  contaminant  value). 


TABLE  4.10:      SPEARMAN  CORRELATION  OF  PCB  AND  PESTICIDES  IN  BENTHOS 
WITH  BOTTOM  WATER  AND  BULK  SEDIMENT  CONCENTRATIONS 


Organic  Compound 


Benthos  vs.  Water 
Normalization 


Benthos  vs.  Sediment 
Normahzation 


Tissue  Water  Tissue   Sediment 

None      Lipid    TOC     Both    None    Lipid       TOC    Both 


Hexachlorobenzene 

0.31 

Heptachlor  Epoxide 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

Aldrin 

0.59 

0.17 

0.17 

0.09 

NV 

NV  . 

NV 

NV 

a-BHC 

- 

- 

- 

- 

NV 

NV 

NV 

NV 

g-BHC 

- 

- 

- 

- 

NV 

NV 

NV 

NV 

a-Chlordane 

- 

- 

- 

- 

0.28 

- 

- 

- 

g-Chlordane 

- 

0.15 

- 

- 

0.30 

- 

0.19 

- 

PCB 

- 

- 

- 

NV 

0.19 

- 

0.32 

0.21 

oxy-Chlordane 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

p,p-DDE 

NV 

NV 

NV 

NV 

- 

0.25 

0.20 

0.35 

p,p-DDD 

NV 

NV 

NV 

NV 

0.28 

0.30 

0.28 

0.22 

p,p-DDT 

- 

- 

- 

- 

- 

- 

- 

- 

o,p-DDT 

NV 

NV 

NV 

NV 

- 

- 

- 

0.32 

Endosulphan  I 

NV 

NV 

NV 

NV 

0.25 

- 

0.21 

- 

Endosulphan  II 

NV 

NV 

NV 

NV 

- 

- 

- 

- 

Dieldrin 

0.29 

0.29 

0.29 

NV 

- 

- 

- 

- 

Endrin 

NV 

NV 

NV 

NV 

- 

- 

-    . 

- 

Endosulphan  SO4 

0.15 

0.17 

- 

- 

- 

- 

0.15 

- 

DMDT 

NV 

NV 

NV 

NV 

0.50 

0.28 

0.45 

0.27 

b-BHC 

- 

- 

- 

- 

- 

- 

- 

- 

-  Indicates  non-significant  (p  greater  than  0.05)  or  negative  coefficient. 
NV  indicates  no  variance  (i.e.,  constant  contaminant  value). 


TABLE  4.11:      SPEARMAN  CORRELATION  OF  POLY  AROMATIC  HYDROCARBONS 
IN  FISH  AND  BENTHOS  WITH  BULK  SEDIMENT  CONCENTRATIONS 


Organic  Compound 


Benthos  vs.  Water 
Normalization 


Benthos  vs.  Sediment 
Normalization 


Tissue  Water  Tissue    Sediment 

None      Lipid    TOC     Both    None    Lipid        TOC     Both 


Dibenzanthracene 

. 

. 

. 

. 

. 

0.51 

0.44 

0.55 

Benzoperylene 

- 

- 

- 

- 

- 

0.54 

0.50 

0.61 

Naphthalene 

ID 

ID 

ID 

ID 

- 

- 

0.50 

0.52 

Acenaphthylene 

NV 

NV 

NV 

NV 

NV 

- 

- 

0.67 

Acenaphthene 

ID 

ID 

ID 

ID 

- 

- 

- 

- 

Fluorene 

NV 

0.54 

0.24 

0.53 

- 

- 

- 

- 

Phenanthrene 

- 

- 

- 

- 

0.49 

0.56 

0.63 

0.70 

Anthracene 

- 

- 

0.54 

0.53 

- 

- 

- 

- 

Fluoranthene 

0.50 

- 

0.49 

0.45 

0.72 

0.73 

0.64 

0.64 

Pyrene 

0.64 

0.54 

0.67 

0.59 

0.64 

0.65 

0.55 

0.56 

Benzo(a)anthracene 

- 

- 

- 

- 

0.71 

0.76 

0.75 

0.71 

Chrysene 

- 

- 

0.53 

- 

0.68 

0.72 

0.58 

0.64 

Benzo(a)pyrene 

- 

- 

- 

- 

0.42 

0.45 

0.63 

0.73 

Idenopyrene 

- 

- 

- 

- 

- 

0.43 

0.53 

0.56 

Benzofluoranthene 

NV 

ID 

ID 

ID 

0.13 

0.56 

0.63 

0.61 

-  Indicates  non-significant  (p  greater  than  0.05)  or  negative  coefficient. 
NV  indicates  no  variance  (i.e.,  constant  contaminant  value). 
ID  indicates  insufficient  data  (n  less  than  10). 


TABLE  4.12:      SIGNIFICANT  AGE  RELATIONSHIPS  OF  LIPID  NORMALIZED 
ORGANIC  RESIDUES  IN  SCULPINS  (Cottus  bairdi) 


Parameter 


Correlation      Parameter 


Correlation 


Pesticides  (n  =  71) 


Chlorinated  Aromatics  (n  =  47) 


Heptachlor 

Mirex 

p,p-DDE 

p,p-DDT 

DMDT 


-0.24  Hexachloroethene 

-0.24  1,3,5-Trichlorobenzene 

0.35  1,2,4-Trichlorobenzene 

0.33  2,6,a-Trichlorotoluene 

0.38  1,2,3,5-Tetrachlorobenzene 

1,2,4,5-Tetrachloroberuene 


-0.42 
-0.31 
-0.31 
-0.31 
0.29 
0.29 


PAHs  (n  =  45) 

Dibenzanthracene 

0.34 

Benzoperylene 

0.59 

Phenanthrene 

0.51 

Fluorene 

0.37 

Anthracene 

0.37 

Fluoranthene 

0.61 

Pyrene 

0.42 

Chrysene 

0.55 

Benzo(a)pyrene 

0.35 

Idenopyrene 

0.59 

Chlorophenols  (n  =  49) 


Pentachlorophenol 


-0.38 


^  Positive  or  negative  correlation  coefficients  (p  less  than  0.05). 


TABLE  4.13:      SIGNIFICANT  FOOD  CPiAIN  RELATIONSHIPS  OF  LIPID 

NORMALIZED  ORGANIC  RESIDUES  IN  SCULPINS  (Cottus  bairdi') 


Parameter 


Correlation      Parameter 


Correlation 


Pesticides  (n  =  59) 


Chlorinated  Aromatics  (n  =  44) 


a-BHC 

0.41 

Hexachloroethane 

0.33 

Mirex 

0.69 

1,2,3,5-Tetrachlorobenzene 

0.70 

p,p-DDT 

0.43 

1,2,4,5-Tetrachlorobenzene 

0.70 

DMDT 

0.65 

1,2,3,4-Tetrachlorobenzene 

0.37 

PAHs  (n  = 

14) 

Chlorophenols  (n  =  25) 

Phenanthrene 

0.64 

None 

^  Positive  correlation  coefficients  (p  less  than  0.05). 


Figure  4. 1  :      HSH  METAL  RESIDUES  VS.  IRON-NORMALIZED  F4  SEDIMENT 
(Plot  by  species  code) 
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Figure  4.2  :      FISH  COPPER  RESIDUE  VS.  SHEA  MODEL  PREDICTION 
(Plot  by  species  (left)  and  age  code  (right)) 
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Figure  4.3  :      HSH  METAL  RESIDUES  VS.  IRON-NORMALIZED  F4  SEDIMENT 
(Plot  by  age  code) 
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Figure  4.4  :      CHLOROPHENOL  RESIDUES  VS.  BOTTOM  WATER 
Fish  Chlorophenol  Residues  (Plot  by  age  code  (top)) 
Benthos  Chlorophenol  Residues  (Plot  by  species  code  (bottom)) 
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Figure  4.5  :      BENTHOS  PAH  RESIDUES  (LEPID-NORMALIZED)  VS. 
BULK  SEDIMENT  (TOC-NORMALIZED) 
(Plot  by  species  code) 
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Figure  4.6  :      AGE  EFFECTS  ON  FISH  ORGANIC  RESIDUE  RELATIONSHIPS 

2,4,6-Trichlorophenol  vs.  Bottom  Water  (left) 

DMDT  (Lipid-Normalized)  vs.  Sediment  (TOC-Normalized)  (right) 
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5.0  CONCLUSIONS 

Based  on  statistical  evaluation  of  residue  relationships  in  the  In-place  Pollutants 
database,  as  well  as  review  of  published  Uterature  on  other  similar  studies,  the  following 
conclusions  may  be  drawn. 

1.  Heavy  metal  residues  in  fish  and  benthos  are  poorly  correlated  with 
bottom-water  and  bulk  sediment  concentrations  prior  to  normalization.  Total 
organic  carbon  is  the  best  normalizing  factor  for  bulk  sediments,  but  provides 
only  modest  improvement  in  residue  relationships. 

2.  The  F4  sediment  fraction  is  better  correlated  than  bulk  sediment  with  metal 
residues  in  biota,  and  is  best  normalized  by  iron  oxide.  Fish  display  better 
residue  relationships  than  benthos  (e.g.,  r  =  0.73  (As),  0.75  (Mn),  0.79  (Fe), 
0.81  (Cu),  0.86  (Zn)). 

3.  The  complex  models  of  Shea  (1988)  and  Tessier  et  al.  (1984)  are  generally 
inferior  to  the  normalized  F4  sediment  fraction  as  metal  residue  predictors. 
The  Shea  model  was  superior  only  for  arsenic  in  benthos. 

4.  Tetrachlorophenol  residues  in  fish  and  benthos  are  better  correlated  with 
bottom  water  concentrations  (not  normalized)  than  with  sediments.  Fish 
display  better  residue  relationships  than  benthos  (e.g.,  r  =  0.70  to  0.94). 

5.  Organochlorine  pesticide,  PCB  and  chloroaromatic  residues  in  fish  and 
benthos  are  very  poorly  correlated  with  bottom  water  and  sediment 
concentrations.  For  many  of  these  compounds,  water  concentrations  were 
invariable,  at  or  below  detection  limits. 

6.  Polyaromatic  hydrocarbon  (PAH)  residues  in  fish  and  benthos  are  correlated 
with  sediment  concentrations.    Lipid  normalization  of  residues  and  TOC 
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normalization  of  sediment  provides  the  best  results.  These  relationships  are 
better  in  benthos  than  fish  (e.g.,  r  =  0.67  (acenaphthylene),  0.70 
(phenanthrene),  0.71  (ben2o(a)anthracene),  0.73  (benzo(a)pyrene)). 

7.  There  is  little  evidence  of  taxonomic  differences  in  residue  relationships  within 
the  fish  or  benthic  datasets.  However,  fish  residues  are  generally  more 
predictable  for  metals  and  chlorophenols,  while  benthic  residues  are  more 
predictable  for  PAHs. 

8.  Taxon-specific  dry /wet  weight  conversion  of  residue  data  provides  little 
advantage  within  the  current  database,  particularly  in  view  of  the  database 
dominance  by  oligochaetes  and  sculpins. 

9.  In  the  sculpin  database,  neither  percent  lipid  content  nor  contaminant  residues 
(organics  lipid  normalized)  are  strongly  age  related. 

10.  Ash-correction  of  residue  data  provides  little,  if  any,  advantage  for  benthos, 
and  is  not  appropriate  for  fish. 

11.  Food  chain  effects  are  generally  weak  or  absent  based  on  sculpin-benthos 
residue  correlations,  and  may  be  affected  by  covariance  of  residue  detection 
limits,  particularly  for  organics. 
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6.0  RECOMMENDATIONS 

Recommendations  for  future  In-place  Pollutants  monitoring  must  depend  on  the  current 
perception  of  program  objectives;  however,  the  following  suggestions  would  focus  the 
program  on  samples  and  measurements  that  have  proven  most  useful  in  the  past  for 
description  of  contaminant  residue  relationships,  and  on  procedural  changes  that  would 
permit  exploration  of  possible  improvements  in  these  relationships. 

1.  Focus  metal  and  chlorophenol  analyses  on  bottom-dwelling  fish,  particularly 
sculpins,  since  their  residues  have  been  better  related  to  water  and  sediment 
concentrations  than  have  residues  of  benthic  organisms.  Focus  PAH  analysis 
on  benthos. 

2.  Measure  metal  concentrations  in  bulk  sediments  and  F4  sediment  fractions, 
along  with  TOC,  iron  oxides  and  manganese  oxides  (direct  measurement  of 
oxides).  Metals  measured  in  other  sediment  fractions  and  interstitial  water 
have  contributed  little  to  residue  relationships. 

3.  In  view  of  the  poor  metal  residue  relationships  with  current  sediment  fractions 
other  than  F4,  different  or  modified  extraction  procedures  could  be  tried. 
One  such  extraction  procedure  uses  a  mild,  inorganic  acid  such  as  0.1  N  HCl. 
This  extract  was  used  in  an  early  and  successful  study  by  Luoma  and  Bryan 
(1978)  on  lead  uptake  of  marine  bivalues. 

4.  Record  the  dry-weight  percent  of  each  bulk  sediment  sample  that  consists  of 
the  size  fraction  subjected  to  geochemical  partitioning,  to  permit  expression 
of  geochemical  data  on  a  bulk  sediment  basis. 

5.  Record  fresh  and  dry  weights  of  all  biological  samples,  to  permit 
sample-specific  adjustment  of  weight  basis. 
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